Research Highlights 18  SERV sequences were comprehensively searched from seven draft genome sequences of 19 the Old World monkeys. 20  The SERVs of Colobinae monkeys formed a distinct cluster and more closely related to 21 exogenous SRVs than the SERVs of Cercopithecinae monkeys. 22 23 2 Abstract 24 Simian retrovirus (SRV) is a type-D betaretrovirus infectious to the Old World 25 monkeys causing a variety of symptoms. SRVs are also present in the Old World monkey 26 genomes as endogenous forms, which are referred to as Simian endogenous retroviruses 27 (SERVs). Although many SERV sequences have been identified in Cercopithecinae 28 genomes, with potential of encoding all functional genes, the distribution of SERVs in 29 genomes and evolutionary relationship between exogeneous SRVs and SERVs remains 30 unclear. In this study, we comprehensively investigated seven draft genome sequences of 31 the Old World monkey genomes, and identified a novel cluster of SERVs in the two 32 Rhinopithecus (R. roxellana and R. bieti) genomes, which belong to the Colobinae 33 subfamily. The Rhinopithecus genomes harbored higher copy numbers of SERVs than the 34 Cercopithecinae genomes. A reconstructed phylogenetic tree showed that the Colobinae 35
Introduction 50
The retroviral life cycle consists of integration of proviral DNA sequences into a host 51 genome with subsequent production of active infectious particles. Proviral sequences that 52 integrate into the genomes of host germ cells are referred to as endogenous retroviruses 53 (ERVs) and are vertically transmitted to offspring. Over evolutionary time, most ERV 54 sequences accumulate deleterious mutations and become inactive, although some remain 55 active and produce potentially infectious viral particles (Stoye, 2012) . Numerous ERV 56 families are distributed within the genomes of diverse organisms, including nonhuman 57 primates (Johnson, 2015) . Nonhuman primates are widely used as model organisms for 58 studies on retroviral infectious diseases. 59
Simian retrovirus (SRV), a type D betaretrovirus, was first isolated in rhesus macaque 60 (Macaca mulatta) and was initially referred to as Mason-Pfizer monkey virus (MPMV) 61 Sommerfelt, Harkestad, & Hunter, 2003) . A phylogenetic analysis using partial 106 nucleotide sequences of SRV-6 and PO-1-Lu showed that they formed a cluster that was 107 distinct from that formed by the other SRVs and SERVs (Sommerfelt et al., 2003) . 108
However, further studies for SRV-6 and PO- AB935214), as a query. In order to minimize the bias produced by an arbitrary selected 156 query sequence and maximize the number of potential SERV sequences to be identified, 157 the searches were designed to identify distantly related SERV sequences, which contain 158 two LTRs and all four retroviral genes (gag, pro, pol, and env irrespective of their protein-159 coding potential). The query-derived amino acid sequences of gag, pro, pol, and env were 160 searched against the seven genomes using the tblastn program (Altschul et al., 1997) with 161 a cut-off E-value of 1 × 10 −30 . We identified 104 regions with high identity to gag (>800 162 bp), prot (>300 bp), pol (>800 bp), and env (>800 bp) were identified in the correct order 163 within a contiguous stretch of DNA <10 kbp, and further retrieved upstream and 164 downstream sequences of 2 kbp and assessed whether these sequences contained direct 165 sequence repeats using self-blastn. If the repeat sequences were longer than 300 bp, the 166 entire region (5′ LTR-gag-pro-pol-env-3′ LTR) was selected as a candidate SERV 167 sequence. In total, 91 SERV sequences longer than 8 kbp that included LTRs and did not 168 have consecutive ambiguous nucleotide sequences of >40 bp (typical assembly gap length 169 of unknown size), were used for further analyses. 170
In addition to full-length SERV sequences, we also searched nearly full-length protein-171 coding genes in the draft genome sequences. Amino acid sequences encoding >90% 172 length of the original query were regarded as nearly full-length. The result is shown in 173 Table 1 . 174
Estimation of SERV copy numbers using short read fragments 175
We retrieved publicly available short-read fragments of M. fascicularis, M. mulatta, C. 176 sabaeus, R. roxellana, R. bieti (sequence IDs are provided in Supplementary Table 1 ). In 177 order to estimate relative copy numbers of SERVs, we first mapped the short reads on 9 each draft genome sequence using the bwa mem algorithm with default parameters (Li,  179 Ruan, & Durbin, 2008). The genome sequence coverage was estimated from the mode of 180 coverage histogram, accounting for the overestimation attributable to repetitive sequences 181 and copy number variations. We subsequently mapped the same short reads on the SERV 182 sequences with LTRs identified in this study using the same method. In order to reduce 183 the mapping bias at both ends of the SERV sequences, we counted the number of mapped 184 reads only in the non-LTR regions. The coverage in the SERV sequences was estimated 185 by measuring the number of mapped bases divided by the length of non-LTR regions of 186 SERV (8181 bp). In both processes, we did not consider whether the mapped reads were were subsequently used to reconstruct phylogenetic trees using the maximum likelihood 211 method implemented in MEGA6 (Saitou & Nei, 1987) . For the maximum likelihood tree 212 reconstruction, we used the GTR+Γ+I and JTT+F+Γ models for nucleotide and amino 213 acid sequences, respectively. Substitution model selection was performed using MEGA. 214
Bootstrap resampling was performed 1000 times. 215
A phylogenetic tree was also reconstructed from nucleotide sequences using a Bayesian 216 clustering algorithm in BEAST (Drummond, Suchard, Xie, & Rambaut, 2012). We used 217 the GTR+Γ+I with five discrete gamma distribution categories. The fixed local clock 218 model and the Yule model with uniform birth rate for branching was assumed. The 219 exponential distribution were used as prior distributions for the gamma shape parameter. 220
The Markov chain Monte Carlo simulation was run for 20 million iterations with a burn-221 in of 5 million. The effective sample size for each parameter was at least 800. 222
Phylogenetic analyses of amino acid sequences were performed as described above 223 using nearly full-length amino acid sequences of gag, pol, and env proteins. Because pro 224 partially overlaps gag and pol and premature stop codons in pro were found in many 225 SERVs, we did not use pro amino acid sequences for tree reconstruction. Phylogenetic 226 trees were constructed for each protein individually and for concatenated sequences 227 incorporating all three proteins. For the Bayesian analysis using amino acid sequences, 228
we used the JTT+I with five discrete gamma distribution categories. The fixed local clock 229 model and the Yule model with uniform birth rate for branching was assumed. The 230 11 exponential distribution was used as prior distributions for the gamma shape parameter. 231
The Markov chain Monte Carlo simulation was run for 10 million iterations with a burn-232 in of 1 million. The effective sample size for each parameter was at least 1700. 233
We used the RDP4 software to detect potential recombination events among sequences 234 (Martin & Rybicki, 2000) . Outgroup sequences were excluded from recombination 235 detection analyses. To maximize the length of the informative sequence alignment (in 236 particular, to evaluate the recombination in the gag gene), seven SERV sequences with 237 5′-truncated gag sequences were also excluded. Default parameters were used, and results 238 supported by >2 different recombination detection algorithms are presented here. 239
Estimation of selection pressure 240 PAML was used to estimate nonsynonymous and synonymous substitution rates (Yang, 241 2007) within the concatenated coding sequences used for amino acid tree reconstruction. 242
Codon frequency was estimated using the F3X4 model. A uniform dN/dS ratio was 243 assumed among sites, but variable dN/dS ratios were assumed among branches. 244
Results

245
SERV sequences in Old World monkey genomes 246
We first searched for nearly full-length SERV-like sequences containing both 5′ and 3′ 247 Because of the number of identified SERVs in Table 1 might be biased by using the 280 draft genome sequences obtained from different assembly processes, we estimated the 281 13 copy number of SERVs using the publicly available short-read sequences produced by 282 next generation sequencers (see Methods; note that the estimation does not distinguish 283 whether SERVs are full-length or fragmented). The copy numbers in P. anubis and N. exogenous SRVs and col-SERVs was 1.0000, showing the consistency and robustness of 309 the observation. We repeated the same analyses using the amino acid sequence dataset. 310
Although the best-fitted root in the amino acid tree estimated by TempEst showed that 311 the SRV sequences are the outgroup, probably owing to the fast protein evolution in 312 exogeneous SRVs, the root estimated by BEAST showed that the cer-SERV sequences 313 were the outgroup relative to the SRV and col-SERV sequences, with the root posterior 314 probability of 1.0000. 315
We also reconstructed the phylogenetic trees using the partial nucleotide sequences of 316 SRV-6 and PO-1-Lu. The result is shown in the Supplementary Figure 3 . In the 317 phylogenetic tree, SRV-6 and PO-1-Lu were clustered with col-SERVs with high 318 statistical confidence. Furthermore, SRV-6 sequence was highly similar to col-SERVs of 319 R. roxellana (RRo-13 and RRo-29). 320
Detection of recombination events among SERV sequences 321
Although full-length genomic proviral SERV sequences showed consistent 322 phylogenetic relationships, there might exist heterogeneous evolutionary relationships 323 amongst SERV subsequences owing to recombination. We first separately constructed 324 phylogenetic trees for the LTR, gag, pol, and env regions ( Supplementary Figure 4) . 325
Although statistical supports were weak for all trees because of insufficient length, the 326 trees showed heterogenous topologies among regions. In LTR regions, cer-SERVs and 327 col-SERVs were clearly separated and they were further divided into three major 328 subclusters. The tree topologies of cer-SERVs were largely consistent between LTR and 329 non-LTR regions. In contrast, col-SERVs showed inconsistent pattern of phylogeny 330 between the LTR and non-LTR regions. For example, in the full-length SERV tree 331 excluding LTRs (Supplementary Figure 1) , RRo-8, RRo-13, and RRo-41 formed a 332 distinct cluster from the other col-SERVs, but these three SERVs were placed in different 333 15 subclusters at LTR regions, implying that there have been historical recombination events 334 within col-SERVs. To further test the idea, we applied the RDP4 software (Martin & 335 Rybicki, 2000) and the program inferred multiple putative recombination events among 336 the sequences in our dataset. Most recombination events had occurred between two 337 SERVs in a single genome ( Supplementary Table 2 ), particularly among col-SERVs. As 338 expected, RRo-8, RRo-13, and RRo-41 were listed as candidates of recombinant 339 sequences. We also observed potential recombination events between SRV-2, PAn-chrU-340 2, and RBi-6 in a ~600-bp region near the 3′ end of gag as well as between SRV-1, SRV-341 2, and PAn-chr4-1 in a ~330-bp region near the 3′ end of pol. Except for the ancient 342 recombination between SRV-2 and cer-SERVs, we identified no recombination events 343 between exogenous SRVs and SERVs. 344
Timing of SERV integration 345
Phylogenetic reconstructions showed that cer-SERVs primarily comprised species- integration sites is shown in Figure 5 . 358
We also examined whether the integration sites of col-SERVs were shared between 359
Rhinopithecus and Nasalis. We found that some of the col-SERV integration sites 360 identified in R. roxellana and R. bieti were absent in N. larvatus. However, the Nasalis 361 genome contained solo LTRs at several loci; suggesting that the integrated SERVs were 362 lost in the lineage of Nasalis. These shared LTRs were integrated into the genome before 363 the divergence of these genera, but lost in the Nasalis genome. 364
We subsequently performed the molecular dating of integration timing using LTR 365 sequences. Because the substitution rate at SERV LTRs has not been known, we applied 366 the substitution rate range estimated by Johnson and Coffin in Hominidae ERVs (2-5 × 367 10 −9 substitutions per site per year). The results are shown in Table 2 . If we applied the 368 average of the substitution rate by Johnson and Coffin (3.53 × 10 −9 substitutions per site 369 per year), averaged integration timings of cer-SERV and col-SERV were 3.42 Mya (SD: 370 2.20) and 6.16 Mya (SD, 3.41), respectively. We also found that, among the SERVs in R. 371 roxellana, estimated integration timing of intact SERVs was significantly more recent 372 than that of SERVs with frameshift substitutions (P = 0.0002; Mann-Whitney U test). 373
Selection pressures on SERV sequences 374
Using the tree reconstructed from amino acid sequences, we estimated dN and dS in 375 three SERV protein-coding genes: gag, pol, and env at external branches. On average, 376 exogenous SRVs showed the lowest dN/dS ratios in all three genes, reflecting functional 377 constraints on their coding sequences to maintain viral fitness (Table 3) . Except for env, 378 col-SERV genes showed slightly higher dN/dS values than those cer-SERV genes. 379
Although the dN/dS ratios in SERV coding sequences were higher than those in exogenous 380 SRV coding sequences, they were considerably below 1 even for env genes, which is 381 essential for intercellular viral infection, suggesting that substitutions in env had been 382 negatively selected in some of the SERVs (Belshaw et al., 2004) . 383
Discussion 384
In this study, we investigated the genomic distribution and evolutionary history of 385 exogenous SRVs and SERVs in Old World monkeys using seven draft genome 386 sequences. Studies on col-SERVs lag far behind those on cer-SERVs (particularly 387 macaque SERVs), although a few studies have identified SERVs in Colobinae monkeys 388 (Sommerfelt et al., 2003; Todaro et al., 1978) . One reason for the apparent lack of 389 interest in col-SERVs is that an early hybridization-based screening failed to identify 390 SERVs in Colobus guereza (van der Kuyl et al., 1997), which suggested that SERVs 391 were integrated after the divergence between Cercopithecinae and Colobinae monkeys. 392
Another reason is that the genomic resources of Cercopithecinae monkeys including 393 draft genome sequences are better established than those of Colobinae monkeys, partly 394 because Cercopithecinae monkeys have been preferentially used for biomedical 395 research. Our results, in contrast, demonstrate that Colobinae monkey genomes also 396 harbor numerous SERVs, some of which might be active. In addition, we found that col-397
SERVs were more closely related to exogenous SRVs than to any cer-SERV, suggesting 398 that pathogenic exogenous SRVs are derived from col-SERVs. Alternatively, pathogenic 399 exogenous SRVs may descend from to date unidentified or extinct exogenous SRVs. We 400 identified three radical amino acid substitutions specific to cer-SERVs in the gp20 401 protein, which occurred in the heptad repeat regions and transmembrane region. 402
Interestingly, all col-SERVs harbored the same amino acid residues as the exogenous 403
SRVs. The gp20 proteins form a trimer and play an important role for viral infection. 404
Charged amino acids in the heptad repeat regions are essential to a stable trimer 405 structure during a viral entry process (Aydin, Cook, & Lee, 2014). These three changes 406 might explain the different behavior of cer-SERVs and col-SERVs in their genomes. 407
Altogether, our findings highlight the importance of Colobinae monkeys in the study of 408 18 SRV, particularly given the relative neglect pertaining to this aspect in biomedical 409 research. 410
As shown in Table 1 , R. roxellana genome had the highest number of SERVs among 411 the seven genomes analyzed in this study. One important limitation of the draft genome 412 scan approach should be kept in mind; draft genome sequences, by definition, are 413 incomplete and have gaps. Because different draft genome sequences were generated 414 using different sequencing platforms and assembled in different analytical pipelines, we 415 should be careful about the evaluation of the number of SERV sequences estimated by 416 the genome sequence scan. However, our additional analysis using short-read fragments 417 confirmed that the Rhinopithecus genomes contain more SERV sequences than the 418 Cercopithecinae genomes, supporting the result of genome sequence scan. Although the 419 estimated SERV copy numbers were fluctuated with different mapping strategies, the 420 pattern of higher SERV copy numbers in Rhinopithecus than the Cercopithecinae 421 genomes was robust to the analytical methods (data not shown). 422
The assembly problem of draft genome sequences is particularly of concern in case of 423 recently integrated retroviruses that are still undergoing the process of fixation; such 424 young SERVs are often heterozygous in the host genome and thus tend to be ignored in 425 genome sequence assemblies. Indeed, one previous study identified many heterozygous 426
SERVs that were unrepresented in the draft genome sequence of C. sabaeus (Sakuma et 427 al., 2018) . The young, heterozygous SERVs were found to cluster with other cer-SERVs 428 (SVL4d in Supplementary Figure 1 and 2) However, the fact that no cer-SERVs were shared among genera revealed from genome 436 sequence analysis strongly suggests that cer-SERVs originated relatively recently, at least 437 within the last 8 million years for the SERVs in macaques and baboons (Perelman et al., 438 2011). On the other hand, the fact that some col-SERV integration events were species 439 specific, some were genus specific, and some were shared between Nasalis and 440
Rhinopithecus is suggestive of continuous introduction of SERVs in Colobinae genomes. 441
The estimated integration timings by molecular dating also suggest the above scenarios. 442
In summary, our comprehensive genome search revealed many novel SERV sequences 443 in Old World monkey genomes, several of which potentially encode functional proteins 444 that are essential for the production of infectious virus. Analysis of integration sites 445 showed that most SERV integration events were not shared between Cercopithecinae and 446
Colobinae monkeys, indicating that cer-SERVs and col-SERVs have independent 447 evolutionary origins. In addition, the distinct phylogenetic clustering of exogenous SRVs, 448 cer-SERVs, and col-SERVs suggests there was no transmission of SERV elements 449 between the two Cercopithecidae subfamilies. These findings shed novel light on the 450 evolutionary history of SERVs and may help understand the process of endogenization of 451 
